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Tobacco may be involved in the decreased macrophage heme oxygenase-1 (HO-1) expression
described in smoking-induced severe emphysema, via the nuclear factor erythroid 2-related factor
2 (Nrf2)/Kelch-like ECH-associated protein 1 (Keap1)–BTB and CNC homology 1, basic leucine zipper
transcription factor 1 (Bach1) pathway. We assessed in vitro effects of cigarette smoke condensate
(CS) in the human monocyte/macrophage cell line (THP-1). CS exposure led to increased HO-1 and
nuclear Nrf2 expression (6 h) followed by decreased HO-1 expression concomitantly with nuclear
Nrf2/Bach1 ratio decrease (72 h). CS-induced mitogen-activated protein kinase (MAPK) phosphory-
lation. Extracellular-signal-regulated kinase1/2 (ERK1/2) and c-Jun NH2-terminal kinase (JNK) inhibi-
tion completely abrogated CS effects on HO-1 expression and nuclear Nrf2/Bach1 translocation.
These results suggest that ERK1/2 and JNK are involved in CS-induced biphasic HO-1 expression by
a speciﬁc regulation of Nrf2/Keap1–Bach1.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cigarette smoke, a potent source of oxidants, is a major risk fac-
tor for chronic obstructive pulmonary disease (COPD), which rep-
resents a major health problem [1]. Evidence for a role of
oxidant/antioxidant imbalance in the pathogenesis of COPD andchemical Societies. Published by E
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ay).pulmonary emphysema is growing [2]. Oxidative stress is involved
in lung inﬂammation, protease/antiprotease imbalance and epithe-
lial cells injury. Thus, host response against oxidative stress may
represent a potential therapeutic target to enhance protection
against cigarette smoke-induced lung injury.
Heme oxygenase-1 (HO-1) is a major defense against xenobiotic
and oxidative stress. HO-1, a major antioxidant is the lung, cataly-
ses heme degradation producing equimolar amounts of CO which
has anti-inﬂammatory properties, biliverdin which is converted
to bilirubin, a powerful antioxidant, by biliverdin reductase and
free iron which is bound to the heavy chain ferritin, another anti-
oxidant molecule.
Nuclear factor erythroid 2-related factor 2 (Nrf2) is a major
regulator of HO-1 induction. Nrf2 binds to the antioxidant
responsive element (ARE) to regulate the expression of antioxi-
dants genes [3]. Under basal conditions, Nrf2 is sequestered in
the cytoplasm, bound to the actin cytoskeleton, by the Keap1
(Kelch associated protein 1) protein, facilitating its proteasomal
degradation [4]. When oxidative or xenobiotic stimuli occur,lsevier B.V. All rights reserved.
Table 1
Sequence of primer pairs used for ampliﬁcation of cDNAs.
HO-1 TTCTTCACCTTCCCCAACATTG CAGCTCCTGCAACTCCTCAAA
NQO1 CAGACGCCCGAATTCAAATC AGGCTGCTTGGAGCAAAATACA
Keap1 GCTGTCCTCAATCGTCTCCTTTAT TTGCTGTGATCATTCGCCA
Ubiquitin-c CACTTGGTCCTGCGCTTGA TTTTTTGGGAATGCAACAACTTT
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Fig. 1. Time-dependent effect of H2O2, IL1-b and TNF-a on HO-1 mRNA expression
in THP-1 cells. Cells were incubated for 6–24–48–72 h with control medium or
2 mM H2O2, 10 ng/ml IL1-b and 10 ng/ml TNF-a. HO-1 mRNA levels are expressed
as the ratio to Ubiquitin-c mRNA levels and normalized to values of the control
medium at each time. n = 4, *P = 0.03 versus control.
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Fig. 2. Concentration-dependent effect of cigarette smoke condensate (CS) on HO-1
mRNA expression in THP-1 cells. Cells were incubated for 6–24–48–72 h with
vehicle (DMSO) or 0.01, 0.1, 1 and 10 lg/ml CS (CS0.01, CS0.1, CS1, CS10,
respectively). HO-1 mRNA levels are expressed as the ratio to Ubiquitin-c mRNA
levels and normalized to values of the control condition (DMSO) at each time. n = 5,
*P = 0.01 versus control.
D. Goven et al. / FEBS Letters 583 (2009) 3508–3518 3509Nrf2 and Keap1 dissociate and Nrf2 migrates into the nucleus
enhancing expression of target genes. Deﬁciency of Nrf2 enhances
susceptibility to hyperoxia and cigarette smoke-induced emphy-
sema in mice [5]. HO-1 is also under the control of the transcrip-
tion factor Bach1 (BTB and CNC homology 1, basic leucine zipper
transcription factor 1) which represses the transcription of HO-1
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Fig. 3. Effect of CS on HO-1 protein expression in THP-1 cells. Cells were incubated
respectively). Panel A: Representative Western blot of HO-1. Panel B: Quantiﬁcation of H
versus control).In humans, we and others demonstrated a reduced expression
of HO-1 [6], related to an altered expression of Nrf2 and Bach1 in
alveolar macrophages in cigarette smoke related severe emphy-
sema and COPD [7–9]. This phenomenon has important patho-
physiological implications since it decreases endogenous
antioxidant capacity. However, in spite of its pathophysiological
importance, few data are available in the current literature con-
cerning the mechanism(s) involved in Nrf2 and Bach1 dysregula-
tion in severe emphysema and COPD. Interestingly, recent
studies suggest that Nrf2 nuclear translocation requires the activa-
tion of several signal transduction pathways, such as mitogen-acti-
vated protein kinases (MAPK), which are mainly represented by
extracellular-signal-regulated kinase (ERK1/2), c-Jun NH2-terminal
kinase (JNK) and p38 [3].
Therefore, the aim of this study was to investigate the mecha-
nism underlying the decreased HO-1 and altered Nrf2 and Bach1
expression in cigarette smoke related severe emphysema and
COPD by investigating in vitro, in the human monocyte/macro-72h
CS 0.1μg/ml
CS 10μg/ml
* *
HO-1 32-kD
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S0.1   CS10
48h
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for 6–24–48–72 h with vehicle (DMSO) or 0.1 and 10 lg/ml CS (CS0.1 and CS10,
O-1 protein expressed as a ratio to b-actin protein concentration (n = 4, *P = 0.029
Fig. 4. Speciﬁc 4-HNE immunostaining (magniﬁcation 400) of THP-1 cells exposed 72 h to vehicle (DMSO) or 0.1 and 10 lg/ml CS (CS0.1, CS10, respectively). Virtually all
CS-exposed cells were positive. No staining was observed when the speciﬁc antibody was replaced by control isotype. Images are representative of four experiments.
3510 D. Goven et al. / FEBS Letters 583 (2009) 3508–3518phage cell line (THP-1), the effects of cigarette smoke conden-
sate on HO-1, Nrf2/Keap1 and Bach1 expression and the roles of
ERK1/2, p38 and JNK in these phenomena.
2. Methods (see Supplementary data)
2.1. Cell culture and cigarette smoke condensate
Differentiated THP-1 cells (TIB202, ATCC, Rockville, MD) were
incubated with 0.01–10 lg/ml cigarette smoke condensate (CS)
dispersed in 0.1% dimethyl sulfoxide (DMSO) for 6–72 h in com-
plete medium with 10% FCS. CS concentrations were expressed in
micrograms per milliliter for comparison with literature data
[10]. The control condition consisted of cells incubated in DMSO
at the same concentration as in cells cultured in the presence of CS.
Hemin was used as a positive strong inducer of HO-1 expression
and activity [11].Ctrl 
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Fig. 5. Effect of CS with hemin on HO-1 protein expression in THP-1 cells. Cells
were incubated for 72 h with vehicle (DMSO) or 0.1 and 10 lg/ml CS (CS0.1, CS10,
respectively) followed by 6 h hemin exposure (50 lM). Panel A: Representative
Western blot of HO-1. Panel B: Quantiﬁcation of HO-1 protein expressed as a ratio
to b-actin protein concentration (n = 4, *P<0.03 versus control DMSO, P < 0.03
versus control DMSO + hemin, #P < 0.03 versus CS0.1 + hemin, P < 0.02 versus
control PBS).Effect of MAPK was assessed by incubation of cells with speciﬁc
inhibitors of ERK1/2 (PD-98059; 50 lM), p38 (SB-203580; 10 lM)
and JNK (SP-600125; 20 lM) 1 h before the addition 0.1–10 lg/
ml CS for 6 h and 72 h as previously described [12].
2.2. Oxidative stress immunostaining
Immunostaining with 4-hydroxy-2-nonenal (4-HNE), a speciﬁc
and stable end product of lipid peroxidation and an oxidative stress
marker [9], was used to assess oxidative cell damage.
2.3. Quantitative RT-PCR analysis
HO-1, NQO1 and Keap1 mRNA expression was quantiﬁed
(MX3000P, Stratagene, La Jolla, CA) as described [13] and ex-
pressed as a ratio to Ubiquitin-c (Table 1).
2.4. Preparation of cell fractions for Western blot analysis
Whole THP-1 cell extracts, nuclear and cytosolic fractions were
prepared as previously described [14]. Western blot analysis of
Nrf2, Keap1, Bach1, HO-1 and phospho-MAPK (ERK1/2, p38, JNK)
was performed as described [9].
2.5. Heme oxygenase activity assay
Heme oxygenase activity was assessed by bilirubin production
as described [11] in the microsomal fractions of THP-1 cells.Fig. 6. Effect of CS on HO-1 protein activity in THP-1 cells. Cells were incubated for
6 or 72 h with vehicle (DMSO or PBS), hemin (50 lM) or 0.1 and 10 lg/ml CS (CS0.1,
CS10, respectively). Results are expressed as pmol of bilirubin per mg of protein per
hour (n = 4, *P < 0.03 versus control).
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Data were analysed by Statview software (Abacus Concepts,
Inc.) and displayed as means and S.D. Between-group differences0.00
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Fig. 7. Effect of cigarette smoke condensate (CS) on Nrf2, Keap1 and Bach1 protein expre
0.1 and 10 lg/ml CS (CS0.1, CS10, respectively). Panel A: Representative Western blot of
fractions and total cellular homogenates. Keap1 levels were examined in cytosolic fraction
to lamin B1 for nuclear Nrf2 and Bach1, to b-actin for cytosolic and total cellular homogwere ﬁrst assessed by nonparametric analysis of variance
(Kruskal–Wallis test). In the case of global signiﬁcant difference,
between-group comparisons were assessed by nonparametric
Mann–Whitney U-test. P < 0.05 was considered signiﬁcant.72h
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ssion in THP-1 cells. Cells were incubated for 6–24–48–72 h with vehicle (DMSO) or
Nrf2, Keap1 and Bach1. Nrf2 and Bach1 levels were examined in nuclear, cytosolic
. Quantiﬁcation of Nrf2, Keap1 and Bach1 (Panels B–D) proteins expressed as a ratio
enates (n = 4, *P = 0.03 versus control).
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Fig. 8. Effect of CS on Keap1 mRNA expression in THP-1 cells. Cells were incubated
for 6–24–48–72 h with vehicle (DMSO) or 0.1 and 10 lg/ml CS (CS0.1, CS10,
respectively). Keap1 mRNA levels are expressed as the ratio to Ubiquitin-c mRNA
levels and normalized to values of the control condition (DMSO) at each time. n = 5,
*P = 0.02 for CS0.1 and CS10 versus control 6 h, P = 0.03 for CS0.1 and P = 0.015 for
CS10 versus control 24 h, P = 0.016 for CS10 versus control 48 h, and P = 0.04 for
CS10 versus control 72 h.
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Fig. 9. Effect of CS on NQO1 mRNA expression in THP-1 cells. Cells were incubated
for 6–24–48–72 h with vehicle (DMSO) or 0.1 and 10 lg/ml CS (CS0.1, CS10,
respectively). NQO-1 mRNA levels are expressed as the ratio to Ubiquitin-c mRNA
levels and normalized to values of the control condition (DMSO) at each time. n = 5,
*P = 0.03 versus control.
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3.1. Effect of CS on HO-1 expression and activity
We ﬁrst veriﬁed that interleukin 1-b (IL1-b), tumor necrosis fac-
tor-a (TNF-a) and hydrogen peroxide (H2O2), known as HO-1
inducers, increased HO-1 mRNA expression in THP-1 cells, [15,16]
(Fig. 1). We showed that CS exposure induced a dose-dependent
early increase in HO-1 mRNA expression (Fig. 2). Indeed, 6 h expo-
sure to 0.01–10 lg/ml CS and 24 h exposure to 0.1–10 lg/ml CS sig-
niﬁcantly induced HO-1 mRNA expression as compared to the0.00
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Fig. 10. Effect of CS on p38, ERK1/2 and JNK phosphorylation in THP-1 cells. Cells were t
blot analysis using antibodies anti-phospho-p38 and anti-p38 (Panel A), anti-phospho-E
Quantiﬁcation of p38, ERK1/2 and JNK phosphorylation expressed as a ratio to total p38DMSO control condition. Interestingly, HO-1 mRNA expression
was signiﬁcantly reduced after long term exposure to 0.01–10 lg/
ml CS (72 h). Western blot analysis conﬁrmedmRNA results at pro-
tein level, i.e. a dose-dependent early induction (6–24 h) and a late
reduction (72 h) of HO-1 protein (Fig. 3). In the following experi-
ments, cells were exposed to a low (0.1 lg/ml) and a high dose
(10 lg/ml) of CS showing an early (6–24 h) induction and a late
(72 h) reduction of HO-1 expression.We showed that late reduction
of HO-1 expression and activity by CS exposure was not associated
with decreased cell viability (<10% in all conditions from 6 to 72 h
to 0.01–10 lg/ml CS, data not shown) and with reduction of0.00
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1.00
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, ERK1/2 and JNK, respectively (n = 4,
*P = 0.029 versus control).
D. Goven et al. / FEBS Letters 583 (2009) 3508–3518 3513oxidative stress since immunostaining with the lipid peroxidation
product 4-HNE was increased after 72 h CS exposure (Fig. 4).
We additionally conﬁrmed that long term exposure of THP-1
cells to a strong HO-1 inducer such as hemin, induced strong
HO-1 expression compared to control and CS conditions. Interest-
ingly, concomitant long term exposure of THP-1 cells to hemin
and CS led to a dose-dependent reduction of HO-1 expression, sug-
gesting a speciﬁc inhibitory effect of CS (Fig. 5). HO-1 activity mea-
surement conﬁrmed the dose-dependent early induction (6 h) and
late reduction (72 h) observed at the protein and mRNA levels after
CS exposure. By contrast, the well known inducing effect of hemin
was observed both after early and long time exposure (Fig. 6).
3.2. Regulation of HO-1 expression by Nrf2/Keap1 and Bach1
Six hour exposure to 0.1 and 10 lg/ml CS induced a precocious
nuclear translocation of Nrf2 (Fig. 7A and B) and a cytosolic accu-
mulation of Bach1 (Fig. 7A and D). After 48 and 72 h CS exposure,
Nrf2 decreased in nuclear and total cellular fractions in parallel
with increased Nrf2 and Keap1 protein levels in cytosol (Fig. 7A–
C). Bach1 showed a pattern of expression opposite to Nrf2 in re-
sponse to CS, i.e. a delayed nuclear translocation of Bach1 after
48 and 72 h CS exposure in parallel with decreased cytosolic Bach1
(Fig. 7A and D). No alteration of total cellular Bach1 was observed.
Keap1 protein increase was conﬁrmed at the mRNA level (Fig. 8).0.00
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Fig. 11. Effect of the p38, ERK1/2 and JNK inhibitors on HO-1 protein expression in
THP-1 cells. Cells were pretreated without (I) or with speciﬁc inhibitors (I p38; I
ERK1/2 or I JNK) for 1 h. Thereafter, cells were treated with 0.1–10 lg/ml CS for 6 h
in the presence of inhibitors and total protein was subjected to Western blot
analysis. Representative Western blot of HO-1 for I p38, I ERK1/2, I JNK (Panels A–C).
Panel D: Quantiﬁcation of HO-1 protein expressed as a ratio to b-actin (n = 4,
*P = 0.029 versus control).3.3. Effect of CS on NQO1 mRNA expression
To further examine consequences of altered expression of Nrf2/
Keap1 and Bach1, we investigated the mRNA expression of the
Nrf2-regulated antioxidant gene NAD(P)H:quinone oxidoreduc-
tase1 (NQO1). We found that NQO1 mRNA level evidenced a pat-
tern of expression similar to HO-1. Indeed, NQO1 mRNA
expression evidenced a dose-dependent early increase after 6
and 24 h CS exposure and a signiﬁcant reduction after 72 h CS
exposure (Fig. 9).
3.4. ERK1/2 and JNK MAPK pathway, but not p38 is involved in CS-
induced HO-1 modulation
As shown in Fig. 10, 0.1 and 10 lg/ml CS induced signiﬁcant in-
crease in the phosphorylation of p38, ERK1/2 and JNK after 10 min
exposure without any difference between CS concentrations.
We used speciﬁc MAPK inhibitors to pre-treat THP-1 cells be-
fore CS exposure to investigate whether CS modulated HO-1 re-
sponse through one of the MAPK pathway. After 6 h CS exposure,
ERK1/2 and JNK inhibitors suppressed CS mediated HO-1 early
induction (Fig. 11B–D) whereas the p38 inhibitor had no effect
(Fig. 11A and D). Furthermore, the same ERK1/2 and JNK but not
p38 inhibitors were involved in CS-mediated HO-1 decrease after
72 h exposure (Fig. 12). These data indicate that ERK1/2 and JNK0.00
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Fig. 12. Effect of the p38, ERK1/2 and JNK inhibitors on HO-1 protein expression in
THP-1 cells. Cells were pretreated without (I) or speciﬁc inhibitors (I p38; I ERK1/2
or I JNK) for 1 h. Thereafter, cells were treated with 0.1–10 lg/ml CS for 72 h in the
presence of inhibitors and total protein was subjected to Western blot analysis.
Representative Western blot of HO-1 for I p38, I ERK1/2, I JNK (Panels A–C). Panel D:
Quantiﬁcation of HO-1 protein expressed as a ratio to b-actin (n = 4, *P = 0.029
versus control).
3514 D. Goven et al. / FEBS Letters 583 (2009) 3508–3518are involved both in CS-mediated HO-1 increase and in CS-medi-
ated HO-1 decrease observed after short (6 h) and after prolonged
(72 h) CS exposure, respectively.
3.5. ERK1/2 and JNK MAPK pathway is involved in CS-induced HO-1
modulation via Nrf2/Keap1 and Bach1
After 6 h CS exposure, ERK1/2 and JNK inhibitors completely
abrogated nuclear Nrf2 translocation (Fig. 13A and B) and cytosolic
accumulation of Bach1 (Fig. 13A and D). No effect was observed on
cytosolic Nrf2 (Fig. 13A and B), nuclear Bach1 (Fig. 13A and D) and0.00
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Fig. 13. Effect of the ERK1/2 and JNK inhibitors on Nrf2, Keap1 and Bach1 protein express
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longed CS exposure (72 h) ERK1/2 and JNK inhibitors strongly re-
duced nuclear Bach1 translocation and increased cytosolic Bach1
accumulation in parallel (Fig. 14A and D). In addition, blocking of
ERK1/2 and JNK activation by their speciﬁc inhibitors abolished CS-
induced nuclear Nrf2 decrease at 72 h and reduced concomitantly
cytosolic Nrf2 protein accumulation (Fig. 14A and B). Increased
cytosolic Keap1 was abrogated in the presence of both ERK1/2 and
JNK inhibitors (Fig. 14A and C). These data strongly suggest that
CS-induced coordinated regulation of the Nrf2/Keap1 and Bach1
pathway requires the activation of ERK1/2 and JNKMAPK signalling.CS 0.1µg/ml
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Fig. 14. Effect of the ERK1/2 and JNK inhibitors on Nrf2, Keap1 and Bach1 protein expression in THP-1 cells. Cells were pretreated without (I) or speciﬁc inhibitors (I p38; I
ERK1/2 or I JNK) for 1 h. Thereafter, cells were treated with 0.1–10 lg/ml CS for 72 h in the presence of inhibitors and total protein was subjected to Western blot analysis.
Panel A: Representative Western blot of nuclear Nrf2 and Bach1 and cytosolic Nrf2, Bach1 and Keap1. Quantiﬁcation of Nrf2, Keap1 and Bach1 proteins (Panels B–D)
expressed as a ratio to lamin B1 for nuclear Nrf2 and Bach1, to b-actin for cytosolic fraction (n = 4, *P = 0.029 versus control).
D. Goven et al. / FEBS Letters 583 (2009) 3508–3518 35153.6. MAPK pathway is not involved in H2O2-induced HO-1 expression
In the same way, we determine activation of members of the
MAPK family, i.e. p38, ERK1/2 and JNK involved in H2O2-mediated
HO-1 induction. H2O2-induced signiﬁcant increase in the phos-
phorylation of ERK1/2 after 10 min exposure, whereas JNK and
p38 were unaffected (Fig. 15A). However, the ERK1/2 inhibitor has
no effect on HO-1 induction (Fig. 15B). Our data indicate that these
MAPK are not involved in H2O2-mediated HO-1 induction.4. Discussion
This study shows in a human monocyte/macrophage cell line
(THP-1) that (i) CS mediates a biphasic HO-1 mRNA, protein and
activity regulation with an early induction associated with a preco-
cious nuclear Nrf2 translocation, followed by a reduction after long
term CS exposure (72 h) concomitant with a delayed nuclear trans-
location of Bach1 and a cytosolic accumulation of Keap1 and Nrf2,
(ii) this phenomenon is speciﬁc to CS and not observed with other
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Fig. 15. Panel A: Effect of H2O2 on p38, ERK1/2 and JNK phosphorylation in THP-1 cells. Cells were treated with 2 mM H2O2 for 10 min and total protein was subjected to
Western blot analysis using speciﬁc MAPK antibodies as described in Fig. 10. Accuracy of loading and transfer was conﬁrmed by reprobing using antibodies recognizing total
ERK1/2, total p38 and total JNK (n = 4,
*P = 0.029 versus control). Panel B: Effect of the ERK1/2 inhibitor on H2O2-mediated HO-1 induction in THP-1 cells. Cells were pretreated
without (I) or speciﬁc inhibitor (I ERK1/2) for 1 h. Thereafter, cells were treated with 2 mM H2O2 for 6 h in the presence of inhibitor and total protein was subjected to
Western blot analysis. Results are expressed as a ratio to b-actin (n = 4, *P = 0.029 versus control).
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and activity was associated with increased macrophage expression
of the lipid peroxidation product 4-HNE, and (iv) ERK1/2 and JNK –
but not p38 – are involved in biphasic CS-induced HO-1modulation
probably through amechanism involving the regulation of the Nrf2/
Keap1 and Bach1 pathway. Collectively, these results show to the
best of our knowledge for the ﬁrst time, that prolonged macro-
phages exposure to CS leads to a decreased HO-1 expression and
activity and an altered Nrf2/Keap1–Bach1 equilibrium modulated
by ERK1/2 and JNK pathway despite an increased oxidative stress.
HO-1 induction in response to CS has been shown in human
endothelial, alveolar or bronchial epithelial cells [17], and lung
ﬁbroblasts [18]. Few studies report inhibitory effects of CS. Kode
et al [19] reported in human lung epithelial cells that 24 h CS expo-
sure decreased glutathione levels and glutamate-cysteine ligase
activity, associated with failure of Nrf2 translocation into the nu-
cleus. Birrell et al. [20] demonstrated in human lung tissue and
THP-1 macrophages that CS exposure reduced endotoxin-induced
cytokine production with a reduction in NF-kappaB pathway acti-
vation, which suggested a causative link. In agreement, we showed
that CS reduced hemin-induced HO-1 activity. However, the com-
ponents responsible for CS effect are not identiﬁed. In our model,
the biphasic HO-1 induction followed by long term decrease could
be speciﬁc to CS. Indeed, such a biphasic HO-1 modulation has toour knowledge never been reported with any stimuli and we
showed that other HO-1 inducers such as hemin, H2O2, IL1-b and
TNF-a failed to decrease HO-1 after long term exposure. CS only
contains the particulate matter of cigarette smoke, excluding the
participation of gaseous components in HO-1 effect. The identiﬁca-
tion of the active components like nicotine, hydroquinone, benzo-
pyrene or aldehydes, deserves further investigation.
We reported a precocious (6 h) nuclear Nrf2 translocation fol-
lowed by a delayed (72 h) nuclear Bach1 translocation with con-
comitant cytosolic accumulation of Keap1 and Nrf2. Interestingly,
our results agree with previous studies showing that CS induces
a rapid nuclear translocation of Nrf2 in mouse lung ﬁbroblasts,
Clara cells and lung epithelial cells [19,21,22]. In A549 and human
primary small airway epithelial cells, an inhibition of nuclear
translocation of Nrf2 was also reported after 24 h exposure to CS.
Aldehydes present in CS may interact with sulfhydryl groups of
Nrf2/Keap1 thereby leading to modulation of these sulfhydryl
groups and failure of Nrf2 dissociation and translocation [19]. In
our study, delayed decreased expression of nuclear Nrf2 protein
could be related to increased Keap1 mRNA and protein expression
as suggested by Kensler et al. [4]. Moreover, the delayed decreased
HO-1 and NQO1 expression ﬁts well with Nrf2 decrease after long
term CS exposure in our THP-1 cells and with our previous results
in human alveolar macrophages in severe pulmonary emphysema
D. Goven et al. / FEBS Letters 583 (2009) 3508–3518 3517[9]. Taken together, the alternating expression of nuclear Nrf2 and
Bach1 at 6 h and 72 h may explain HO-1 and NQO1 induction and
subsequent decrease.
What are the molecular mechanisms involved in Nrf2 modula-
tion? Nrf2 is a target of the MAPK, which are mainly represented
by ERK1/2, JNK and p38 [3]. Nrf2 phosphorylation by protein ki-
nases such as Akt kinase, ERK1/2, JNK and protein kinase C facili-
tates the dissociation of Nrf2 from Keap1 and thereby activates
the Nrf2/ARE pathway [23,24]. Recent studies have reported that
CS exerts its biological effects via the MAPK signalling pathways
[25,26]. We reported that 10 min CS exposure induced a signiﬁcant
increased phosphorylation of all three MAPK, p38, ERK1/2 and JNK.
These ﬁnding agree with Amara et al. [12] who reported that CS
exposure of lung epithelial cells resulted in phosphorylation of
ERK1/2, JNK and p38, which peaked at 10 min. Interestingly, we
showed that selective ERK1/2 and JNK but not p38 inhibitors abol-
ished the early induction of HO-1 and the rapid nuclear transloca-
tion of Nrf2 induced by CS exposure. These results suggest that
phosphorylation of ERK1/2 and JNK by CS exposure activates Nrf2
and induces its translocation into the nucleus. Furthermore, this
is the ﬁrst study showing that after prolonged CS exposure
(72 h), the same kinases (ERK1/2 and JNK) are involved in Nrf2 nu-
clear translocation inhibition and Bach1 nuclear translocation
induction associated with Keap1 cytosolic accumulation. By con-
trast, another HO-1 inducer (H2O2) was associated with phosphor-
ylation of ERK1/2 whereas p38 and JNK were unaffected. However,
the speciﬁc inhibitor of ERK1/2 has no effect on HO-1 induction.
These data suggest that MAPK pathway is not involved in H2O2-
mediated HO-1 induction in THP-1 cells. According to our results,
in human vascular smooth muscle cells, H2O2-induced HO-1
expression was mediated by Akt but not MAPK [27]. The reason
for this discrepancy is potentially due to variation in individual
MAPK expression with the stimulus. Under some circumstances,
and according to the cell type, HO-1 inducers activate one or more
of the three MAPK cascades for an optimal response. In our model,
the inhibition of both ERK1/2 or JNK pathways led to the inhibition
of HO-1 modulation by CS, suggesting that a cross-talk between
JNK and ERK1/2 pathway is necessary. Further studies are required
to determine if ERK1/2 and JNK concomitantly activate Nrf2 and
other transcription factors (i.e. Maf protein) to bind to the ARE
and induce HO-1 gene expression, or, if Nrf2 activation is induced
by ERK1/2 and JNK-dependent phosphorylation sites.
In conclusion, our study demonstrates that the biphasic modu-
lation of HO-1 induced by CS exposure is associated with a similar
biphasic expression of the Nrf2/Keap1 and Bach1 pathway which
involves the activation of a ERK1/2 and JNK signalling. Our results
provide a possible explanation to our previous ﬁnding, showing
an altered Nrf2/Keap1–Bach1 equilibrium associated with a paral-
lel decrease in expression of HO-1 and NQO1 in alveolar macro-
phages from smoking-induced emphysema patients [9] and may
contribute to a better knowledge of the role of HO-1 and Nrf2/
Keap1-Bach1 regulation in tobacco related pulmonary disease.Conﬂict of interest statement
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